We report a stationary Fourier-transform spectrometer chip implemented in silicon microphotonic waveguides. The device comprises an array of 32 Mach-Zehnder interferometers (MZIs) with linearly increasing optical path delays between the MZI arms across the array. The optical delays are achieved by using Si-wire waveguides arranged in tightly coiled spirals with a compact device footprint of 12 mm 2 . Spectral retrieval is demonstrated in a single measurement of the stationary spatial interferogram formed at the output waveguides of the array, with a wavelength resolution of 40 pm within a free spectral range of 0.75 nm. The phase and amplitude errors arising from fabrication imperfections are compensated using a transformation matrix spectral retrieval algorithm. In a typical configuration, a waveguide array of MachZehnder interferometers (MZIs) with increasing path differences are used to implement the SHS concept [9, 10] . For such a geometry, the source power spectrum and the output interferogram are related by the cosine FT. A similar MZI array geometry, including phase-correction circuits using independent heaters for each MZI, has also been demonstrated [13] . However, when long optical path delays are required for high spectral resolution, similar configurations yield prohibitively large devices.
Compact spectral filters with a small footprint are required for a wide range of applications, including wavelengthdivision-multiplexed communications, optical interconnects, biological and environmental sensing, and space instrumentation [1] . Planar waveguide devices such as arrayed waveguide gratings (AWGs) [2] , echelle gratings [3, 4] , lattice filters [5] , ring resonators [6] , and sidewall grating filters [7, 8] can achieve a high spectral resolution for a small device footprint, but their optical throughput (étendue) is largely limited by the requirement of a singlemode input waveguide. Étendue is of critical importance for spectroscopy applications, especially when spatially extended and incoherent sources are analyzed. This limitation can be overcome with planar waveguide Fouriertransform (FT) spectrometers [9, 10] based on the principle of spatial heterodyne spectroscopy (SHS) [11] . SHS benefits from the intrinsically large étendue of the Michelson interferometer [12] and replaces the moving mirrors by stationary diffraction gratings [11] . In a planar waveguide SHS FT spectrometer, all the outputs of the device, corresponding to different optical path lengths of the interferometer array, are monitored simultaneously in a single measurement of the output spatial interferogram [9, 10] . The source spectrum can be retrieved by mathematical analysis of the interferogram.
In a typical configuration, a waveguide array of MachZehnder interferometers (MZIs) with increasing path differences are used to implement the SHS concept [9, 10] . For such a geometry, the source power spectrum and the output interferogram are related by the cosine FT. A similar MZI array geometry, including phase-correction circuits using independent heaters for each MZI, has also been demonstrated [13] . However, when long optical path delays are required for high spectral resolution, similar configurations yield prohibitively large devices.
In this Letter, we present a compact FT spectrometer chip, in which a high spectral resolution of 40 pm with a compact device size is achieved by using tightly coiled spiral waveguide structures in an MZI array. Furthermore, a spectral retrieval algorithm with phase and amplitude error compensations is demonstrated for the first time to the best of our knowledge, obviating the need for dedicated phase correction circuits. The FT spectrometer is implemented as an array of N MZIs in silicon-on-insulator (SOI) waveguides (Fig. 1) . Each MZI comprises a reference arm of constant length and a delay arm with a spiral waveguide. The length of the delay arm, i.e., spiral length, linearly increases by ΔL across the array. The high refractive index contrast of the SOI platform and the waveguide bend radius of ∼5 μm readily allows the making of spirals with geometrical lengths of over a centimeter within an area only a few hundred micrometers in diameter.
For a given input spectral distribution, the dispersive property of the MZI array results in a wavelengthdependent spatial interferogram at the outputs of the array. The relation between the input spectral distribution and the interferogram Ix i is unambiguous within the free spectral range (FSR) of an ideal device without phase errors:
where B is the incident spectral density, x i is the path delay of the ith MZI, andσ σ − σ L is the shifted wavenumber, relative to the Littrow wavenumber σ L , at which a monochromatic input produces a constant spatial power distribution at the outputs of the MZI array [10] . The input spectrum can be calculated from the discretized output interferogram using a discrete cosine transform.
The wavelength resolution (δλ) and the FSR of the device are determined by the maximum path difference and the number of interferometers [10, 13] , respectively:
FSR δλ
where λ 0 is the device operational central wavelength and n g is the waveguide group index. The FSR of the device is half the period of the least unbalanced MZI, due to the symmetry of the interferograms. The FT spectrometer was designed with 32 MZIs and with spiral lengths increasing across the array by ΔL 365 μm up to ΔL max 1.13 cm for the most unbalanced interferometer. The longest spiral occupies an area with a diameter of 270 μm. 450 nm wide Si-wire waveguides ensure monomode operation and minimize bend losses, with a minimum bend radius of 5 μm at the turning point of the spirals. The waveguides were nominally designed for TM polarization, with an effective index of 2.12 at the central wavelength of 1.55 μm. Our device can be implemented in a layout with N independent input waveguides at a chip facet feeding into the MZI array, for an étendue N times larger than the throughput of a single input waveguide [10] . However, to simplify optical measurements and use conventional telecom waveguide characterization equipment, we used a modified layout with a single input waveguide at the facet followed by cascaded y-couplers. The operational principles and spectral retrieval techniques of both layouts are identical.
Devices were fabricated on SOI with 0.26 μm thick silicon and 2 μm thick buried oxide. Si-wire waveguide structures were defined in a single patterning step by electron beam lithography using hydrogen silsesquioxane (HSQ) resist. Inductively coupled plasma reactive ion etching was used to transfer the resist pattern into the silicon layer.
The fabricated device was characterized using a highresolution tunable semiconductor laser over the spectral range of 1550-1552 nm, with a wavelength step of 0.1 pm. Efficient subwavelength grating couplers [14] were included at the input and output facets of the chip for optimized fiber coupling, while at the same time reducing the Fabry-Perot effect due to the reflectivity at the facets. A Peltier stage was used for thermal stabilization of the chip, and a polarization controller was used to select the TM-polarized input field. Output light from all the MZIs was collected in a single shot with a highsensitivity IR CCD camera. Figure 2 shows the output interferogram of the 32 MZIs for the measured wavelength range. Detailed inspection of the interferogram reveals two main effects causing deviations from the theoretical performance given by Eq. (1). First, waveguide insertion loss increases with the path difference of the interferometers, resulting in a reduction of the visibility of the MZI transmittance function:
where I max and I min are the maximum and minimum output intensities of the MZI and I 1 and I 2 are the intensities at the outputs of its two arms. Propagation losses of −4 dB∕cm were measured, with bending losses of −1.7 dB∕cm in the spiral sections. This effect can be readily compensated by dividing the output pattern by the visibility function [Eq. (4)] of each MZI, measured in a calibration wavelength scan. Second, deviations in the effective index and optical path errors arising from fabrication imperfections result in phase errors that distort the interferogram. In particular, a mean group index of 4.38 was measured, with variations of <1% in the periodicity of the MZI transmittance across the array from the theoretical (cosine) function. As a consequence of these random variations, the outputs of the MZI interferometers in the array are misaligned in phase and a Littrow wavenumber σ L is not found within the analyzed wavelength range. This is a consequence of nonorthogonality of the base of the cosine transform in the presence of phase errors. A solution to incorporate this effect to the model of the discrete Fourier cosine transform was proposed [15] ; however, it required phase correction circuits and multiple measurements at varying temperatures.
Here we report a spectral retrieval method that does not require multiple measurements for phase error corrections and also obviates the need for phase tuning. Instead of using the cosine transform, our spectral retrieval algorithm is based on a system of linear equations. The transmittance function of each MZI was sampled at M equidistant wavelengths within the FSR of the device. An N × M transformation matrix T was defined such that Ix i B × T. The source power spectrum B is retrieved by multiplying the spatial interferogram Ix i by T , which is a pseudoinverse of the transformation matrix T. The pseudoinverse matrix is computed by single value decomposition [16] . In this procedure, the influence of phase and amplitude errors is compensated, since the actual MZI transmittance functions (as measured in the calibration step) are used instead of an ideal cosine function. This yields a robust result compared to the conventional cosine transform technique, which requires an active compensation of the phase errors [15] . Figure 3 shows signal spectra, experimentally retrieved using our device and algorithm, for a single monochromatic source (solid curve), a doublet of two monochromatic lines separated by 56 pm (dotted curve), and a doublet of two monochromatic lines separated by 80 pm (dashed curve). The spectral resolution is 42 pm (measured at FWHM), and the FSR is 0.75 nm. Truncation ripple is reduced by applying an apodization window [17] . Because the matrix T is designed to compensate phase errors of the system, and consequently does not perform an FT of an ideal apodization function without said phase errors, the apodization window is applied directly as a convolution in the spectral domain instead of a multiplication of the interferogram.
It is an important advantage of our device that deviations from the ideal design appear as systematic measurable errors in the interferograms. Once the waveguide device has been fabricated and characterized, the errors can simply be corrected using the spectral retrieval algorithm. This cannot be achieved in devices, such as AWGs, with no direct physical access to the arrayed waveguide output aperture, which makes measuring and correcting phase errors of an AWG a formidable task. Unlike in an AWG, our device provides physical access to each of the arrayed interferometer outputs, where both phase and amplitude errors can be readily measured as part of the spectrometer calibration procedure and compensated in the spectral retrieval algorithm.
We have demonstrated a compact FT spatial heterodyne spectrometer consisting of an array of MZIs with linearly increasing optical path delays. The optical delays are achieved by using Si-wire waveguides arranged in tightly coiled spirals. Spectral retrieval is demonstrated with a wavelength resolution of 40 pm and a FSR of 0.75 nm. The phase and amplitude errors are compensated using a transformation matrix spectral retrieval algorithm. The advantage of software compensation of fabrication errors, along with the high resolution and small footprint of the device, are important practical benefits of this FT spectrometer. Its potential applications include biological and environmental sensing, handheld spectroscopic instrumentation, wavelength-division multiplexing optical channel monitoring, and spectroscopic sensing using space exploration probes or microsatellite platforms.
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